Abstract. While it is widely observed that mafic rocks are able to exeprience high strains by viscous flow, details on their rheology and deformation mechanisms are poorly constrained. Here, rock deformation experiments on four different, water- , 800
mid-to lower crustal conditions is dominated by dislocation creep. Grain growth in monomineralic aggregates at the elevated temperatures of the mid-to lower crust is assumed to be extensive and the resulting large grain size is expected to render diffusion creep less efficient than dislocation creep. Insights into deformation mechanisms, slip systems, and flow law parameters have been obtained from experimental studies, e.g., for plagioclase: Tullis and Yund (1985) ; Shaocheng and Mainprice (1987) ; Tullis and Yund (1991) ; Dimanov et al. (1999) ; Rybacki and Dresen (2000) ; Stünitz and Tullis (2001) ; Stünitz et al. (2003) ; Ji 25 et al. (2004); Barreiro et al. (2007) , and for pyroxene: Lallemant (1978) ; Kolle and Blacic (1982) ; Raterron and Jaoul (1991) For polyphase mixtures of gabbroic composition, data from high-temperature deformation experiments are published by Dimanov et al. (2003 Dimanov et al. ( , 2007 ; Dimanov and Dresen (2005) . Depending on the grain size, the differential stress and the volume fraction of pyroxene (as the stronger phase in their pyroxene-plagioclase mixtures), the dominant deformation mechanism 30 identified by these authors is either diffusion creep or dislocation creep. The strain rate of the two-phase aggregates thereby is suggested to be a combination of the strain rates of the individual phases e.g., Dimanov et al. (2003) . No mineral reactions were observed in these experiments.
In somewhat lower-temperature experiments and mostly under hydrous conditions, Rutter et al. (1985) ; Getsinger and Hirth (2014) , and Stünitz and Tullis (2001) performed deformation experiments with syn-kinematic hydration reactions. Phase mix-
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ing was found to be (partly) due to the nucleation of new phases. The authors suggest that the dominant deformation mechanism is grain size sensitive creep by a mix of diffusion creep and grain boundary sliding. Rutter et al. (1985) state explicitly that they interpret diffusion creep in the sense of dissolution-precipitation creep.
In polymineralic mixtures, several processes are known to influence the deformability and the dominating deformation mechanism of the bulk aggregate. The occurrence of mineral reactions and nucleation causes grain size reduction (e.g., to 2·10 . General shear type of flow is achieved by placing the rock powder (0.11 g) between cylindrical alumina forcing blocks (diameter of 6.33 mm) pre-cut at 45
• with respect to the 85 load axis (Appendix Figure A.1) . Descriptions of the experimental setup, data recording and data treatment can be found in the Appendices A1 -A3, experimental conditions are listed in Table 2 .
Strain determination
The thickness of the shear zone at the hit-point is th 0 = 0.75 ± 0.03 mm. During the experiment, ∼ 86 ± 3 % of the axial displacement is accommodated as shear displacement within the shear zone, and ∼ 14 ± 3 % is accommodated as plane strain 90 thinning of the shear zone. As in previous experiments, the shear zone thickness decreases linearly with the applied axial displacement (see Marti et al., 2017) .
The shear strain is presented as apparent shear strain, γ a , and calculated as the sum of the incremental shear displacements divided by the instantaneous shear zone thickness and strain rates are given as apparent shear strain rates,γ a , (see Marti et al. 2017) . γ a , is calculated for the full width of the shear zone ignoring any strain localization. Since γ a overestimates the shear 95 strain and cannot be used to determine the strain ellipsoid or other strain related parameters, the procedure described by Fossen and Tikoff (1993) ; Tikoff (1995) is adopted. Table 2 lists the simple shear (γ) and pure shear (k) components, as well as the orientation of the instantaneous stretching axes (ISA), the orientation of the finite stretching direction, the kinematic vorticity number and the strain ration given by the ratio of long to short axis of the strain ellipsoid.
Image analysis 3 Results

Mechanical data
For all experiments, the mechanical data plotted as shear stress, τ , vs. apparent shear strain, γ a , show a curve with an initial steep increase of shear stress, reaching a peak value usually after ∼ γ a of 0.8 -1.0 (Figure 2 ). Peak stress is followed by a slow 120 decrease, often approaching a quasi-steady state shear stress value from γ a ≈ 4 onwards. The samples with 0.12 µl H 2 O added show higher peak stresses and a more rapid shear stress decrease thereafter, compared to samples with 0.2 µl H 2 O added. For the Maryland Diabase samples (Figure 2a) at Pc ≈ 1.0 GPa, the sample with 0.12 µl H 2 O reaches a higher peak stress, but after an additional ∼ 0.5 γ a , it drops to a value similar to the samples with 0.2 µl H 2 O. Sample strength of Maryland Diabase at 1.0 and 1.5 GPa reach the same peak stress, but the 1.0 GPa experiments weaken more rapidly within the attained strain range. Kohlstedt et al. (1995) , the Goetze criterion, ∆σ ≤ Pc, is an empirically defined stress range where rocks are expected to deform plastically. However, due to the significant 130 weakening subsequent to peak stress, many samples which start above the Goetze criterion then fall substantially below it. The Maryland Diabase samples all stay below the Goetze criterion for all stages of deformation.
Strain rate stepping tests on Maryland Diabase sample material at Pc ≈ 1.0 and 1.5 GPa have been performed (Figure 2c ).
Stress exponents, n, of n = 1.9 and n = 1.4 are obtained for experiments at Pc ≈ 1.0 and 1.5 GPa respectively (Figure 3 ).
Microstructures
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In all experiments strain is partitioned into a network of shear bands (Figure 4, Figure 5 ). Their thickness is variable but the main shear band strands usually have a thickness on the order of 40 -150 µm (e.g. Figure 5d , j) and are characterised by strong grain size reduction (Figure 5b , e, k).
The following hydration reactions are observed within shear bands and in low strain lenses:
where Pl 2 has a lower anorthite component than Pl 1 .
In Maryland Diabase samples, both reaction (R1) and (R2) occur pervasively, with reaction (R1) being the more prominent between plagioclase porphyroclasts and fine-grained plagioclase within shear band was detected. In high-resolution BSE images, a fine-grained phase with a Z-contrast similar to enstatite is observed. Due to the small grain size EDS measurements are extremely challenging but point to a new type of pyroxene with a somewhat higher Si and Na component.
In all experiments (Maryland Diabase and synthetic mixtures), plagioclase shows extensive grain size refinement. roclasts are replaced by fine-grained plagioclase, nucleating mainly along porphyroclast rims and along straight internal trails, which are thought to represent former fractures (Figure 5k ). The newly nucleated grains generally show a lower anorthite component than the plagioclase in the starting material ( Figure 7) . In experiments on Maryland Diabase, pyroxene grain size reduction is largely caused by the pyroxene-consuming reaction to Amp (R1, Figure 5b , Figure 6 ). In the synthetic mixtures however, much of the grain size reduction of pyroxene is caused by fracturing.
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The main difference between the microstructures developed at 1.0 and 1.5 GPa Pc (Maryland Diabase experiments) is the increased amount of reaction products at higher Pc ( Figure 6 ). Zoisite and amphibole form more abundantly at 1.5 GPa and amphibole corona surround pyroxene porphyroclasts in early stages of the experiments. Shear bands at Pc ≈ 1.0 GPa are mainly composed of a fine-grained mixture of Pl+Amp+Qz+Zo (in order of abundance), as compared to Amp+Pl+Zo+Qz
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(again in order of abundance) at 1.5 GPa. Additionally, shear bands are somewhat narrower and more inclined to the shear zone boundaries at the higher Pc (compare Marti et al., 2017) . respectively. In sample 414, the GSDs have modes at 0.23 and 0.30 µm (Figure 11 ).
Albite crystallographic preferred orientation
Three EBSD maps are collected along one shear band in the Ab+En sample 518 ( Figure 12 ). 
Amphibole coronas
Amphibole grows abundantly in experiments on Maryland Diabase, especially at the higher Pc (e.g. Figure 6c ), where pyroxene clasts are surrounded by amphibole coronas already in early stages of the experiment. Pyroxene clast -amphibole rim pairs from experiments performed at Pc ≈ 1.5 GPa were analysed, studying the average amphibole corona thickness as a function 235 of orientation around pyroxene porphyroclasts ( Figure 13 ). Coronas are measured at three different stages: at hydrostatic conditions (∆σ ≈ 0), at peak stress (∆σ > 0; γ a ≈ 1) and after considerable deformation (∆σ > 0; γ a ≈ 4) corresponding to three evolutionary stages of a typical high strain experiment (Appendix Figure A.1c) . Accordingly, three cases are distinguished.
The hydrostatic case represents the microstructural state at the hit-point after the lead run-in. The peak stress case records the microstructural state at the time the sample has reached its maximum strength (including lead run-in and initial sample 240 loading) and the deformed case represents the microstructure evolved after the sample underwent high shear strain (including lead run-in, sample yielding and deformation; for an explanation on the nomenclature used see Appendix Figure A .1c).
At hydrostatic conditions (e.g. during the lead run-in), corona growth is symmetrical around the clasts, with an average thickness of 2.4 to 3.1 µm (Figure 13a ). In the deformed case, the average corona thickness shows an overall monoclinic shape.
Assuming that the microstructure after lead run-in (hydrostatic part) is approximately the same as that of the hydrostatic case sample, the corona thickness in the deformed sample is reduced by ∼ 0.5 -2 µm in directions close to the loading direction.
Thickness is reduced in most directions except in the range of 346
• -53
• and 186
• -232
• , where it is increased. That is, on average, the corona thickness is reduced on clast surfaces facing the loading direction, and increased at high angles to the loading direction. At peak stress the average corona thickness in direction of loading is the same as in the hydrostatic case (∼ 2.7 µm) but already increased in almost all other directions. Furthermore, despite the 23 h longer duration of the hydrostatic 250 run compared to the peak stress run (Figure 13c ), coronas did not grow to larger thicknesses in the former.
Instantaneous stretching and shortening axes (ISA), finite stretching directions and vorticity numbers (Wk) are calculated for the peak stress and the deformed case ( Figure 13b ). The orthorhombic shape of the peak stress corona curve is well described by the ISA, e.g., such that the long side is normal to the shortening ISA. After deformation, the long diameter of the monoclinic shaped corona curve is oriented between the stretching ISA and the finite stretching direction. The short diameter corresponds 255 to the shortening sector around the pyroxene clast. The direction of the maximum corona thickness is at a higher angle with respect to the shear plane than the finite stretching direction ( Figure 13b ).
Discussion
Physics and chemistry of grain size reduction
There is a drastic grain size decrease (down to diameters < 2 µm) accompanied with the shear band formation ( Figure 5 ,
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Figures 9-11). Fracturing as an important process of grain size reduction is only observed in pyroxene grains of the synthetic mixtures (e.g. Figure 12b ). In these samples, pyroxene only participates in mineral reactions to a minor degree, and the plagioclase hydration reaction (R2) is dominating (except for the Ab+En sample). In contrast, pyroxene grains in experiments on
Maryland Diabase show grain size reduction by dissolution during the pyroxene-consuming reaction (R1) to amphibole.
Fracturing only minorly contributes to the grain size reduction of plagioclase. Instead, grain size reduction is primarily caused recrystallization) of plagioclase is not observed (see e.g. Figure 9 ). In addition, had the recrystallization of plagioclase in monomineralic domains taken place by dynamic recrystallization, the resulting grain sizes would imply very high stresses.
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Using the normalized grain size/stress relationship by Derby (1991), the observed plagioclase grain size mode of ∼ 0.4 µm ( Figure 11 ) would require differential stresses of 2 to 2.5 GPa. The observed differential stresses are ∼ 500 MPa in the last stages of this experiment ( Figure 2 ) -they are clearly far too low to produce such a small grain size in equilibrium. As in other samples, grain size reduction of plagioclase in the Ab+En sample is considered to take place by dissolution of original porphyroclasts and nucleation (i.e. "neo-crystallization") of new grains. 
Derivation of the stress exponent
The determined n-values are low, with n = 1.4 and 1.9 ( Figure 3 ) and are thus within the range of expected values for diffusion creep (including grain boundary sliding) with theoretical values between 1 (e.g., Ashby and Verrall, 1973; Coble, 1963; Karato, 2008; Kohlstedt and Hansen, 2015; Paterson, 2013) , up to 2 (e.g., Gratier et al., 2009 Gratier et al., , 2013 Paterson, 2013) . The stress exponents determined in this study have to be taken with some caution as deformation of the samples is inhomogeneous.
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While the shear bands are able to accommodate higher strain rates, the lesser deformed domains between seem to still control the overall bulk stress (Marti et al., 2017) . Nevertheless, the low stress exponents strongly suggest an absence of frictional deformation and make dislocation creep unlikely.
Albite crystallographic preferred orientation
Dislocation creep and dynamic recrystallization are not considered to occur in our experiments. The large Burgers vectors and 295 the cation ordering (coupled Al+Ca and Si+Na) in plagioclase are unfavourable for intracrystalline deformation, especially at the comparatively low experimental temperatures of 800
Dislocation glide and climb have been suggested to be active in plagioclase at both natural and experimental conditions (e.g., Tullis and Yund, 1985; Shaocheng and Mainprice, 1987; Yund and Tullis, 1991; Rybacki and Dresen, 2000; Shigmeatsu and Tanaka, 2000; Kruse et al., 2001; Lapworth et al., 2002; Stünitz et al., 2003; Ji et al., 2004; Barreiro et al., 2007; Mehl and 300 Hirth, 2008) but usually are not considered to accommodate large amounts of strain. Recrystallization takes place by different mechanisms including neo-crystallization (e.g., Fitz Gerald and Stünitz, 1993; Rosenberg and Stünitz, 2003; Brander et al., 2012; Fukuda and Okudaira, 2013; Mukai et al., 2014) or by growth of fragments formed by fracturing (e.g., Stünitz et al., 2003; Viegas et al., 2016) . In fine-grained aggregates, diffusion creep (in the broadest sense) often dissolution-precipitation creep (DPC), is the main strain accommodating process described for polycrystalline plagioclase aggregates (e.g., Yund and 305 Fitz Gerald and Stünitz, 1993; Jiang et al., 2000; Lapworth et al., 2002; Rosenberg and Stünitz, 2003; Brander et al., 2012; Fukuda and Okudaira, 2013; Mukai et al., 2014; Viegas et al., 2016) .
The CPO measured in a shear band of the Ab+En sample 518 is generally weak, but the three independent sites 1 -3 show very similar CPO patterns ( Figure 12 ). This similarity indicates that these CPOs, although weak, are not random but that there must be a mechanism leading to this weak but consistent CPO.
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There are a number of mechanisms that can lead to a CPO within an aggregate. Examples are dislocation glide (e.g., Schmid Barreiro et al., 2007) , and in naturally deformed basaltic and peridotitic rocks (e.g., Mehl and Hirth, 2008; Viegas et al., 2016; Xie et al., 2003; Drury et al., 2011) . Ji et al. (2004) and Mehl and Hirth (2008) interpret the CPOs to be due to dislocation creep in monomineralic plagioclase layers. Viegas et al. (2016) observe no evidence for dislocation creep and suggest that the CPOs may be the result of directed growth and rigid body rotation of grains (with a crystallographically controlled grain shape) during diffusion accommodated grain boundary sliding. In our case, we 320 observe no microstructural evidence for dislocation creep and suggest that the observed CPOs did not form as a consequence of intracrystalline plasticity (see also section 4.5).
Evidence for dissolution-precipitation creep of amphibole
During the experiments, amphibole grows as a reaction product and pyroxene porphyroclasts are replaced at their rims by amphibole growth coronas. During all stages of an experiment, amphibole is observed to grow stably. However, the amphibole 325 coronas, which grow symmetrically in thickness during the hydrostatic 'lead run-in', become partly dissolved in high stress sites while simultaneously growing thicker in low stress sites during deformation (Figure 13a ). These results indicate grain scale DPC of amphibole. DPC is a form of diffusion creep in the presence of an aqueous fluid. It is frequently observed for amphiboles in naturally deformed rocks (e.g., Berger and Stünitz, 1996; Imon et al., 2002; Marsh et al., 2009; Stokes et al., 2012) , but has only rarely been reproduced in experimental studies (Rutter et al., 1985; Getsinger and Hirth, 2014) .
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The direction of the shortening ISA (equal to the direction of the instantaneous maximum principal stress, σ 1 ) lies within the range of directions of minimum average corona thickness. A correlation between the shortening ISA and the minimum in average corona thickness is consistent with the interpretation of DPC, where material is preferentially dissolved along high stress sites (and re-precipitated along low stress sites). The geometry of deformation by diffusion creep is irrotational (Karato, 2008) , that is, as the principal stress axes are normal to each other, the resulting (grain shape) fabric due to diffusion creep 335 should be orthorhombic. At the peak stress, where shear strain is still small, the rim thickness shows an overall ∼ orthorhombic shape (see corona curve in Figure 13b ), well aligned with the ISAs. As the ISAs should indicate the minimum and maximum principle stress directions, the fact that the corona curve follows the ISAs correlates well with the interpretation that DPC determines the amphibole corona thickness evolution. The monoclinic shape of the corona curve in the deformed case can be explained by a superposition of co-axial geometry of deformation by diffusion creep, and rigid body rotation induced by the 340 rotational component of simple shear.
Clasts with coronas are predominantly found in low strain lenses, where shear strains are lower than in shear bands. No microstructure can be found to indicate that the reduction in average corona thickness at the compressional sites of the clasts is due to 'shearing-off' of amphibole from compressional to extensional sites by some sort of granular flow. 
Dissolution-precipitation creep and grain boundary sliding
From the mechanical data (including stress exponents), the determined grain sizes, from the nucleation of new grains, and from amphibole growth fabrics discussed above, it is concluded that in all samples, the dominant deformation mechanism cannot be frictional or crystal plastic (dislocation creep). Instead, the dominant deformation mechanisms for amphibole and plagioclase are inferred to be DPC (accompanied and/or accommodated by mineral reactions) and grain boundary sliding. Pyroxene is less involved in accommodating strain but plays an important part by being involved in mineral reactions and thereby aiding grain 350 size reduction by nucleation of new grains.
Mineral reactions change the initial phase assemblage of Px+Pl to mostly Pl+Px+Zo in the synthetic mixtures, and Pl+Px+Amp +Qz+Zo in Maryland Diabase samples. Disregarding the differences in amount and type of mineral reactions, strain is always localized into a network of shear bands characterized by intense grain size reduction and phase mixing (to a lesser extent in the Ab+En sample; Figure 5 ).
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The small size of grains in shear bands (Figure 11 ) clearly favours a grain size sensitive deformation mechanism such as DPC and grain boundary sliding. This interpretation is also supported by the strain free interior and grain morphology of the small grains in shear bands (Figure 9 and 10). The activity of solution-mass transport processes is clearly indicated by the vast extent of mineral reactions, which necessitate the movement of chemical components over several 10's of µm at least. The morphology of pores presented in Figure 9 is further supporting evidence for DPC interpretation; the pore trail in Figure 9d is 360 interpreted to have formed by precipitation of plagioclase and entrapment of residual fluid along grain boundaries with a trace sub-parallel to the estimated σ 1 direction (expected opening direction of dilatancy normal to σ 1 ).
Concerning the albite CPO measured in the Ab+En sample, it is argued that the weak CPO is not due to dislocation creep, as discussed earlyer. Rather, it is suggested that the CPO formed during grain size sensitive creep in the predominantly monomineralic albite layers. In the absence of further investigations it may be speculated that the CPO formation could be due to directed 365 and anisotropic growth of the albite during DPC and grain boundary sliding of grains with a crystallographically controlled shape.
Importance of dissolution-precipitation creep in natural rocks
Grain size reduction is energetically unfavourable as it increases the total grain surface area. DPC does not necessarily require the formation of new grains, instead, precipitation could take place as overgrowth rims on existing grains. The intense grain size 370 reduction observed in shear bands within our experiments is most probably caused by high nucleation rates. High nucleation rates are typically attained by a large overstepping of a reaction boundary (e.g., Rubie, 1998; Putnis, 1992) , introducing a high driving potential (∆Gt). The start of our experiments represents such an instance of large overstepping of reaction boundaries.
The starting materials + H 2 O are not in equilibrium at the experimental Pc-T conditions. As the pressurization and heating procedure required to attain the experimental Pc-T conditions takes place within 5 -8 h, the sample material is brought rapidly 375 to a metastable state. Although this rapid change in P-T conditions is unique to experiments, there is widespread evidence from observations of natural rocks that similarly, metastable mineral assemblages can be sustained even at high-grade conditions and to large overstepping of reaction boundaries, when rocks are dry (e.g., Rubie, 1986; Austrheim, 1987; Wayte et al., 1989; Krabbendam et al., 2000; Austrheim, 2013; Jamtveit et al., 2016) . Only where fluid infiltrates, mineral reactions are enabled and equilibration can be attained.
380
TEM analyses revealed high defect densities in the albite porphyroclasts (Figure 9a, b) . It has been proposed that a high intragranular defect density results in an increased rate of grain dissolution, speeding up the reaction and/or deformation rate (e.g., Wintsch, 1985; Schott et al., 1989; Stünitz, 1998) . However, the observation of, e.g., abundant nucleation along former fractures ( Figure 5k ) cannot simply be accredited to enhanced reaction rates due to locally increased strain energy (in the sense of high defect densities locally introduced by fracturing according to, e.g., Fitz Gerald et al., 1991; Fitz Gerald and Stünitz, 385 1993; Stünitz et al., 2003; Trepmann et al., 2007) . Fracturing is always accompanied by dilatancy. Fluid infiltrates the fractures, leading to higher solution-mass transport rates (e.g., Fitz Gerald and Stünitz, 1993; Precigout and Stünitz, 2016) . Thus higher reaction rates can be expected. The significance of strain energy as a possible rate-enhancing contributor to reaction and nucleation is thus difficult to separate from the effects of enhanced fluid flow.
With the dominant deformation mechanisms, DPC and grain boundary sliding, the samples presented here deform viscously.
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At the experimentally induced conditions of T = 800
• C and at strain rates of ∼ 3·10 , deformation takes place at the lower end of the viscous field, close to the brittle-viscous transition of the studied material (e.g., Marti et al., 2017) . However, it is probable that the observed deformation mechanisms are also active at higher temperatures in these types of rocks. The principal constituent phases of mafic rocks (plagioclase + pyroxene + amphibole) all have high strengths in terms of intracrystalline plasticity, even at high temperatures. Where water is absent and DCP suppressed, the build-up of high stresses can be expected 395 in such rocks, at least transiently (e.g., Okudaira et al., 2015) . If local stresses are high enough to induce cracking, dilatancy and fluid infiltration may be facilitated. Once reactions start to operate (metastability of mafic rocks is very common because the mineral compositions are very variable and critically dependent on P, T, fluid-composition), a switch to DPC is likely to occur. The resulting deformation takes place with low stress exponents. It is clearly seen in our experiments that DPC and grain boundary sliding, as grain size sensitive deformation mechanisms, are strongly supported by the extensive mineral reactions 400 causing grain size reduction by heterogeneous nucleation.
Continued operation of deformation mechanisms at higher strain
In the case of the experimental set-up described here, where the starting mineral assemblages are not in equilibrium at the imposed P-T-fluid conditions, the chemical driving potential for attaining a lower energy assemblage partially controls the reaction rate. In principle, when the stable assemblage is reached, i.e., when the reaction has gone to completion, the driving 405 potential for dissolution of phases is reduced, and it may be expected that the deformation rate is reduced, too. Interestingly, the measured amphibole compositions show variations, which are most probably influenced by the local mineral composition of the other phases in the neighbourhood (Figure 8 ). Shear offset and neighbour switching during deformation by diffusion creep and grain boundary sliding will continuously change the local neighbourhood of grains. As the neighbourhood of a given grain changes, so will new surfaces be exposed to the grain boundary fluid and become involved in reactions, potentially take considerable time until the deforming assemblage has reached complete equilibrium, and some local chemical driving potentials may persist, even when the nominal bulk equilibrium assemblage has formed.
Summary and Conclusions
Viscous deformation in experiments with mafic compositions at temperatures of 800 is dominantly achieved by dissolution-precipitation creep (DPC) and grain boundary sliding, accompanied by syn-deformational mineral reactions. No evidence for frictional deformation or significant contributions of dislocation glide or creep to the accommodation of strain can be found for any of the mineral phases. Strain is frequently localised into shear bands, which consist of fine-grained mixtures of neo-crystallized plagioclase and the syn-kinematic reaction products amphibole, quartz and zoisite, none of which are present in the starting material.
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Intense grain size reduction is produced by high nucleation rates, probably caused by a large overstepping of reaction boundaries. Both, deformation and nucleation are localised in shear bands, implying a positive feedback between the two mechanisms.
Amphibole is seen to accommodate displacement via dissolution-precipitation creep, as interpreted from the evolution and distribution of amphibole coronas on pyroxene porphyroclasts. A weak but consistent crystallographic preferred orientation
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(CPO) of albite is formed in shear bands during deformation by DPC and grain boundary sliding.
The deformation in the samples takes place under conditions of pronounced weakening in all cases. The weakening is induced by strain localization into shear bands that show strong grain size reduction. Grain reduction, in turn, is due to nucleation of new phases, demonstrating the direct relationship between mineral reaction, grain size refinement, as well as the operation of DPC and grain boundary sliding (as grain size sensitive mechanisms), resulting in viscous deformation with low stress exponents.
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Code and data availability. The MATLAB code for analysing amphibole reaction corona thicknesses is available from the author upon request (sina.marti@ed.ac.uk). Mechanical data and chemical analyses are available from the author upon request.
Appendix A: Methods
A1 Sample preparation
Maryland Diabase rock powder is fabricated by crushing Maryland Diabase pieces with a hand-press and subsequently with an fraction ≤ 125 µm) is produced in the same manner as described for the Maryland Diabase powder. As the Sonora labradorite material shows some accessory calcite, the powder is cleaned with HCl aq (10%). Subsequently, the powder is placed in a funnel with a grade 602 h qualitative filter paper with a pore size of 2 µm and rinsed thoroughly with distilled water. The powder retained by the filter is then dried in an oven at ∼ 110
• C. After this treatment, no calcite is detected in the material.
Synthetic plagioclase-pyroxene powders are mixed with a phase distribution of ∼ 57 vol% plagioclase to 43 vol% pyroxene.
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To produce the synthetic mixtures, the powders are placed in a 5 ml glass beaker with acetone and mixed using an ultrasonic stirrer (procedure of de Ronde et al., 2004) . When most of the acetone is evaporated, the slurry is dried in an oven at 110
This procedure prevents grain size and density sorting of the minerals.
The sample is then placed in a platinum jacket (0.15 mm wall thickness) with a 0.025 mm nickel foil insert. The Pt-jacket is weld-sealed with a Lampert welding apparatus while the sample is encased in a cooled brass piece (T ∼ 4
• C) to minimize 455 sample heating and resulting potential water loss.
Solid sodium chloride (NaCl) is used as confining medium (Appendix Figure A.1a) . K-Type thermocouples (with metal tubing) positioned next to the sample are used for most experiments. Only for long-duration experiments of more than 6 days, S-type thermocouples (with mullite tubing) are used, as the mullite tubing is more durable in the corrosive environment of the heated salt.
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A2 Experimental procedure
Confining pressure, axial load, and displacement are constantly recorded. The force on the load-piston is measured using an external load cell, whereas the displacement of the load-piston is measured with either a direct current displacement transducer (resolution ∼ 1 µm) (Rig 1) or a noiseless digital linear-transformation measurement system (resolution = 0.1 µm) (Rig 2). Pc is measured via the oil pressure in the hydraulic pumping system and T is monitored and regulated to within ± 1
Eurotherm controller.
To bring the sample to the desired Pc-T conditions during pressurisation, the independently movable Pc-and load-pistons are alternately advanced (thereby raising the pressure), accompanied by stepwise increases of temperature until the desired Pc-T conditions are reached (Appendix Figure A.1b) . The pressurization procedure usually takes 5 -8 h. During the actual deformation experiment, only the load-piston is advanced. The experimental setup necessitates that each deformation experiment starts Subsequently Pc, load and T are slowly and simultaneously reduced to room conditions within about 5 h.
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A3 Evaluation of mechanical data
Axial displacement is corrected for apparatus stiffness. σ 3 is assumed to be equal to the confining pressure, Pc (Eq. (A1)). With increasing advancement of the load-piston, the pressure inside the vessel increases and Pc is corrected for this (see e.g., Richter et al., 2016) . The differential stress, ∆σ, acting on the sample is derived from the difference between the axial load (F) with reference to the load at the hit point (F0) (Eq. (A2)), and the cross-sectional area of the forcing block (31.47 mm
∆σ in the sample is corrected for the decreasing overlap of the forcing blocks (see procedure described in Marti et al., 2017) .
The shear and normal stresses, τ and σ n supported by the sample inclined at 45
• are obtained by Mohr circle construction from ∆σ. The effective pore fluid pressures in our experiments is assumed to be negligible, i.e. is taken as zero and the deviation of 485 σ 1 by 3-6
• from 45
• is neglected as well.
Stress exponent, n, is calculated for a relationship
between shear stress, τ , and strain rate,γ a , (Eq. (A3)) using data of displacement-rate stepping and single-displacement rate experiments.
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Over the years and between the different laboratories, different data treatment routines have been developed and are in use.
The variations in calculated stresses using the different methods can influence determined stress exponents (n) from the data, causing variations on the order of 16 -27 % on determined n values (see Marti et al., 2017)
A4 Strain and flow descriptors
The ISA and the finite stretching direction can be derived because the initial thickness of the shear zone is known (with an error 495 of ± 0.03 mm) and the end-thickness can be measured after the experiment from the thin section. This uncertainty associated with the initial thickness leads to some uncertainty concerning the amount of thinning, and therefore also to a range of values for the ISA, the finite stretching direction and Wk. Nano Imaging Lab of the Swiss Nanoscience Institute (SNI) at Basel University. Chemical analyses are performed using standardless energy dispersive X-ray Spectrometry (EDS), at 15 keV acceleration voltage with a ZAF matrix correction for spectra quantification.
(Scanning) transmission electron microscopy ((S)TEM) analyses are performed at Utrecht University using a FEI Talos 200FX   505 equipped with a high-sensitivity Super-EDX system. TEM images are recorded in bright field (BF) mode, whereas STEM images in high angular annular dark field (HAADF) mode. BF-TEM images are highly sensitive on crystallographic orientation, whereas contrasts in HAADF-STEM images are sensitive to average atomic number (Z-contrast) of the material. Focussed ion beam (FIB) foils for TEM investigations are prepared using an FEI Helios NanoLab G3. The FIB foils are cut parallel to the shear direction and normal to the shear plane. Both, the FEI Talos 200FX and the Nanolab 3G are located at the Electron 510 microscopy square at Utrecht University.
-EBSD analysis
For Electron backscatter diffraction (EBSD) measurements, thin sections were polished with colloidal silica suspension and subsequently coated with a thin layer of carbon. Samples were analysed in the Zeiss Merlin SEM at the University of Tromso, Poussin kernel with a half-width of 9.4
• and a bandwidth of 30 is used. Pole figure J-index (PFJ; e.g., Bunge, 1982; Mainprice and Silver, 1993) are given as a measure of texture strength. The index has a value of 1 for a random distribution and is infinite 520 for a single orientation.
-Image analysis
Phase segmentation: Phase segmentation is performed on BSE SEM images, where individual minerals are identified by their Zcontrast. Using the software Fiji (link at: http://fiji.sc/Fiji) and the plugin Statistical Region Merger, automatic pre-segmentation 525 was achieved. The automatic segmentation was then manually inspected and corrected where necessary.
Grain maps: Grain maps were produced by manually tracing (supervised segmentation) grains from SEM or TEM images.
Grains were analyzed for their 2D area using Fiji, and for each grain, the diameter of the area equivalent circle, d equ , is calculated.
where A is the area of the digitized shape. Grain size distributions are presented as histograms of the 2D number weighted distribution of equivalent diameters. (Table 2 ). e) HAADF image. White arrows point to porosity or opening sites developed along two triple-junctions and a grain boundary. 2D grain size distributions (GSDs) in both samples are determined on BSE SEM images and TEM images separately. n = number of grains; solid black (TEM) and dashed grey lines (SEM) are kernel density estimate fits to the GSDs and modes determined from the fit are given in the graph. (left) and after sample deformation (right). F = load induced by load-piston, Pc = confining pressure, d = axial displacement, ds = shear displacement, th0 = shear zone thickness at start, thF = shear zone thickness at end of experiment. c) Phases of an experiment, red line = load F(t). During 'pressurization', the sample is brought to the desired Pc-T conditions. Black dot denotes start of experiment. IF = initial load increase caused by machine friction. Phase 1: 'lead run-in', the sample not loaded. Phase 2: sample supports load and deforms. 'Hitpoint' denotes onset of sample loading. During 'quenching + de-pressurization', the load is released and the temperature brought to ambient conditions.
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